essary for excising the uracil introduced by AID-trig-
gered dC deamination. In the absence of uracil excision, mutation. Indeed, the observations of a substantial shift from phase 1B to phase 1A hypermutation and an inthe DNA deamination model predicts that the majority of the substitutions at dC/dG would be expected to be creased mutation load entirely parallel our observations concerning the effects on hypermutation of inhibiting transitions (introduced by replication of the initiating dU/ dG lesion-phase 1A mutation), whereas if the uracil is UNG in XRCC2-deficient chicken DT40 cells [15] . Thus, in both the chicken and the mouse, UNG appears to excised to yield an abasic site, replication over this abasic site (phase 1B mutation) would readily yield transverbe the main enzyme involved in excision of the uracil residues generated by programmed dC deamination sions ( Figure 1A) . within the IgV gene. The results with respect to somatic hypermutation sugpatterns.
Analysis of Hypermutation Phase 2 Hypermutation Does not Depend upon UNG
gest that UNG is the major DNA glycosylase implicated in excising uracil residues generated by programmed deamination from the immunoglobulin locus in mice.
UNG Deficiency Inhibits Phase 1B Hypermutation
This allowed us to further test the DNA deamination The patterns of mutation in the two sets of mice are model of antibody diversification with respect to classshown in Figures 1 and 2 . Over this region, the UNG ϩ/ϩ switch recombination. UNG deficiency has clearly not animals showed a mutation distribution that was entirely fully blocked class-switch recombination because IgG as anticipated from previous work [16, 17] . Thus, with and IgA are both readily detectable in serum (Figure regard to mutations at dC/dG, 65% are nucleotide tran-3A). However, ung Ϫ/Ϫ mice exhibit a somewhat altered sitions (rather than the 33% that would be anticipated balance of serum immunoglobulin isotypes; they have if mutations were random). In terms of the DNA deaminahigher levels of IgM and diminished IgG3 ( Figure 3A) . tion model, this transition skewing in normal mice does, This effect is particularly apparent in young animals and as previously discussed [5] , either indicate a partial conis not confounded by transfer of maternal immunoglobutribution from a phase 1A mutation or reflect the inserlin because the analyzed UNG-deficient mice had been tion preferences of the DNA polymerase used in phase born to ung Ϫ/Ϫ mothers. Although the altered spectrum 1B for replication over the abasic site. However, in UNGof serum immunoglobulin isotypes could indicate an deficient mice, transitions at dC/dG rise to 95% (Figure effect of UNG-deficiency on switch recombination itself, 1B). This dramatic skewing to a nearly complete preferit was important to establish that the shift was not secence for transitions can readily be explained if one proondary to other effects that become apparent in the poses a normal role for UNG in the IgV gene hypermutalymphoid system as mice grow beyond one year of age tion process [15] . Therefore, in terms of the DNA showed greatly diminished switch recombination, as definitively exclude the formal possibility that the alterations in antibody diversification observed in these anijudged both by flow cytometric analysis of surface IgG and ELISA of immunoglobulin secreted into the culture mals are not due to some indirect effect of UNG deficiency rather than reflecting a direct role for UNG in the supernatants. This was apparent both in LPS-induced switching to IgG3 and in LPS-plus-Interleukin-4 (IL-4)-processing of programmed dU/dG lesions within the immunoglobulin locus. However, we consider such a induced switching to IgG1 (Figures 3B and 3C ). These inhibitions do not reflect any failure of the B cells to possibility unlikely. That deficiency in uracil-DNA glycosylase activity should affect somatic hypermutation and blast or proliferate, as judged by scatter analysis, by the incorporation of radioactive thymidine, and by the producclass-switch recombination was predicted a priori in the DNA deamination model [5] . Furthermore, the idiosyntion of secretory IgM (Figures 3C and 3D . Such AID-independent breaks might be implior some other mutagenic pathway for processing or replicating past dU residues. cated in the recruitment of AID to the immunoglobulin locus but might alternatively be wholly unrelated to the It is striking that although several uracil-DNA excision activities have been described in man and mouse, defimechanism of immunoglobulin gene diversification. Within the context of the DNA deamination model, the ciency in UNG alone is sufficient to perturb the pattern of antibody gene diversification. This could well reflect data also provide novel insights into both the second phase of hypermutation and class-switch recombinaa specific recruitment of the UNG enzyme to a complex that is devoted to the processing of AID-dependent protion. Thus, with regard to phase 2, we now propose that this is initiated by MSH2/MSH6 recognition of the dU/ grammed dU/dG lesions generated in the immunoglobulin loci. The two major uracil-DNA glycosylase activities dG mismatch itself (we previously left it open whether it was recognition of this mismatch or of an intermediate in murine cell extracts are due to the UNG and SMUG1 enzymes, which together account for at least 95% of in its processing by base excision repair). With regard to switch recombination, the substantial inhibition rethe total activity [9] . There are also trace activities that are attributable to the MBD4 and TDG enzymes, which sulting from UNG deficiency strongly indicates that recombination normally proceeds by a pathway requiring are likely to be required primarily for correction of deaminated 5-methylcytosine residues [ It is notable that switching is not completely abolished in UNG-deficient mice. Therefore, it is possible that the These properties may render UNG particularly well suited to act as part of a protein complex. In contrast, residual switch recombination detected in these animals occurs by the same pathway as it does in normal mice the kinetic properties [8] and tissue distribution of the SMUG1 enzyme suggest that it functions to detect and except that some back-up uracil excision activity (e.g., SMUG1) takes the place of UNG. This hypothesis could correct rare, scattered uracil residues in DNA; these residues are generated by random nonenzymatic hybe tested with knockout mice deficient in both UNG and SMUG1. Alternatively, switching in UNG-proficient and drolytic deamination throughout the large mammalian genome [9] . Our data suggest that during immunoglobu-UNG-deficient mice might largely proceed by different pathways. The sensitivity of class-switch recombination lin gene processing in the absence of UNG, proteins such as MSH2 or a DNA polymerase for translesion to disruption of DNA-dependent protein kinase, Ku70, and Ku80 [23-25] has led to the suggestion that the synthesis can access a deaminated C residue before (or more effectively than) a back-up uracil-DNA glycomajor pathway of switch recombination occurs via nonhomologous end joining; we have previously envisioned sylase.
Whereas the results provide further support to the [5] that appropriately staggered DNA breaks could be generated by excision repair of proximal dU residues idea that switch recombination and somatic hypermuta- gered double strand breaks could be generated. Such
